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HIGHLIGHTS 


•  The  influence  of  temperature  on  the  formation  of  Li-ion  cells  was  investigated. 

•  Increasing  temperature  decreases  formation  loss  due  to  enhanced  Li-diffusion  in  NMC. 

•  Increasing  formation  temperature  worsens  cell  performance  of  graphite  anode. 

•  The  influences  of  both  anode  and  cathode  on  a  full  cell  were  examined. 

•  The  components  of  the  solid  electrolyte  interphase  on  the  anode  were  determined. 
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The  influences  of  temperature  on  the  formation  losses  and  subsequent  electrical  performance  of  Lix(Nii/ 
3Coi/3Mni/3)3/02  (NCM)/graphite  lithium-ion  cells  were  investigated.  It  was  shown  that  the  total  capacity 
loss  during  formation  of  a  full  cell  at  25  °C  consists  of  losses  on  the  positive  and  negative  electrode  to 
about  one  half  each.  The  losses  of  the  negative  electrode  (ca.  10%)  are  due  to  solid  electrolyte  interphase 
(SEI)  formation  on  graphite  but  are  masked  by  the  losses  of  the  positive  side  (ca.  20%)  which  are  mainly 
caused  by  a  kinetic  inhibition  of  NCM  and  are  theoretically  reversible  when  the  cell  is  discharged  to  very 
low  potentials.  The  total  loss  of  a  full  cell  fits  with  the  loss  of  the  positive  electrode.  With  increased 
temperature  the  ratio  of  losses  on  positive  and  negative  electrode  decreases  as  the  diffusion  coefficient  of 
lithium  in  NCM  increases.  In  total,  an  elevated  formation  temperature  leads  to  increased  irreversible 
losses  on  both  electrodes  and  significantly  lower  cell  performance  of  graphite.  The  upper  cut-off  voltage 
has  an  influence  on  the  positive  electrode  formation  losses  in  a  reversible  manner.  The  constituents  of 
the  SEI  identified  via  the  combination  of  XPS  and  FTIR  are  mainly  RCH20C02Li,  RCOOLi  and  LiF  for  the 
outer  SEI  and  mainly  L^CC^,  Li20  and  LiF  for  the  inner  SEI. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  been  used  since  the  early  1990s  as 
power  sources  for  portable  devices  like  cell  phones,  laptop  com¬ 
puters  or  digital  cameras.  Due  to  their  high  energy  and  power 
densities,  reliability,  long  cycle  life  and  safety,  they  also  became 
attractive  for  hybrid  electric  vehicles,  full  electric  vehicles  and 
stationary  energy  storage. 
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Many  commercially  available  lithium-ion  batteries  consist  of  a 
graphite  negative  electrode  and  a  lithium  metal  oxide  positive 
electrode,  e.g.  Lii+x(Nii/3Coi/3Mni/3)i_x02  (NCM). 

It  is  generally  known  that  the  initial  charge  of  a  graphite  nega¬ 
tive  electrode  leads  to  irreversible  loss  of  lithium  (irreversible  ca¬ 
pacity).  This  is  due  to  the  formation  of  the  so-called  solid  electrolyte 
interphase  (SEI),  a  passivating  layer  on  the  surface  of  graphite, 
which  is  formed  via  the  reaction  of  electrolyte  components  with 
lithium  particularly  during  the  initial  charge  before  intercalation 
[1-3].  The  SEI  protects  the  electrolyte  from  further  decomposition 
and  the  negative  electrode  from  co-intercalation  of  solvent  mole¬ 
cules  into  graphite  and  thus  its  exfoliation.  The  performance,  aging 
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and  safety  of  a  lithium-ion  cell  are  strongly  affected  by  the  prop¬ 
erties  of  the  SEI,  therefore  it  is  indispensable  to  assure  a  sufficient 
SEI  formation  [4-7].  For  this  reason  the  first  charge  and  if  required 
also  further  charge-discharge  cycles,  in  total  called  the  formation, 
must  undergo  a  defined  process  with  well  selected  parameters. 
Influences  of  temperature  [8-12],  current  [13-15],  voltage  profile 
[16-18]  and  the  used  materials  (type  of  graphite  and  electrolyte 
composition)  [19,20]  on  the  composition  and  morphology  and 
therefore  functional  properties  of  the  SEI  have  been  investigated. 
With  the  use  of  ethylene  carbonate  (EC)-based  electrolytes,  typical 
species  found  in  the  SEI  are  lithium  alkyl  carbonates  (ROCC^Li), 
lithium  alkoxides  (ROLi),  lithium  alkyl  carboxylates  (RCOOLi), 
lithium  carbonate  (Li2C03),  lithium  oxide  (LhO),  lithium  hydroxide 
(LiOH)  and  lithium  fluoride  (LiF)  [21-24]. 

Also  NCM  positive  electrodes  show  poor  first-cycle  efficiency. 
There  are  reports  on  formation  losses  due  to  surface  film  formation 
[25]  or  other  parasitic  electrochemical  reactions  as  a  function  of 
particle  surface  area  26].  In  contrast  Kang  et  al.  showed  that  the 
assumed  physical  loss  of  lithium  in  conventional  voltage  range  is 
only  a  kinetic  behavior  and  can  be  fully  recovered  below  1.5  V  by 
applying  a  deep  discharge  [27,28]. 

However,  in  most  commercial  lithium-ion  cells  both  graphite 
negative  electrode  and  metal  oxide  positive  electrode  are  present 
and  it  is  not  trivial  to  assign  the  initial  losses  and  further  aging 
effects  to  the  different  electrodes.  In  this  work,  the  charging  con¬ 
ditions  and  materials  (graphite  and  NCM)  of  a  commercial  pouch 
cell  were  applied  to  three-electrode  half  cells  containing  either 
graphite  or  NCM  as  the  working  electrode  to  figure  out  the  roles  of 
the  two  electrodes  in  matters  of  formation  losses  and  aging  impact 
in  full  cells.  For  this  procedure  the  formation  was  executed  at 
different  temperatures  to  understand  its  effect  on  the  SEI  formation 
and  subsequent  cell  performance.  Also  the  influence  of  the  upper 
cut-off  voltage  on  the  formation  was  investigated. 

The  characterization  of  the  SEI  was  performed  with  X-ray 
photoelectron  spectroscopy  (XPS),  attenuated  total  reflection 
Fourier  transform  infrared  spectroscopy  (ATR-FTIR)  and  Raman 
spectroscopy. 

2.  Experimental 

Lithium-ion  pouch  cells  (“full  cells”)  from  Li-Tec  Battery  (HEA50, 
50  Ah)  consisting  of  a  graphite  negative  electrode,  Lix(Nii/3Coi/ 
3Mni/3)y02  (NCM)  positive  electrode,  polymer  separator  and  an 
ethylene  carbonate  based  organic  electrolyte  with  lithium  hexa- 
fluorophosphate  as  conducting  salt  were  used  in  this  study.  The 
“half  cells”  (electrochemical  measurements  of  electrodes  vs. 
metallic  lithium)  were  assembled  using  three-electrode  test  cells 
(EL-Cell,  type  ECC-Ref)  with  the  electrode  (graphite  or  NCM)  to  be 
investigated  as  working  electrode,  lithium  metal  (Alfa  Aesar,  purity 
99.9%)  as  counter  and  reference  electrodes,  a  glass  microfiber  mat 
(Whatman,  type  GF/D)  soaked  with  electrolyte  as  separator.  For 
some  experiments  the  test  cells  were  configured  with  both  graphite 
and  NCM  electrodes  as  well.  Before  transferred  into  the  argon-filled 
glovebox  (H2O  and  O2  <  1  ppm)  for  half-cell  assembly  the  active 
materials  and  separators  were  dried  under  vacuum  at  130  °C  for  at 
least  12  h  and  subsequently  hermetically  sealed.  The  electro¬ 
chemical  tests  with  pouch  cells  were  carried  out  using  a  multiple 
cell  tester  (Digatron,  MCT  Series).  The  test  cells  were  investigated 
by  the  use  of  potentiostats  (Gamry,  type  Reference  600).  For  tem¬ 
perature  control,  temperature  chambers  (Votsch,  different  types) 
were  used. 

The  formation  was  performed  for  all  cells  in  a  similar  way.  The 
C-rate  is  based  on  the  capacity  of  the  positive  electrode  (limiting 
electrode)  of  the  pouch  cell  after  formation,  and  was  downscaled 
using  the  area  of  the  electrode  for  the  test  cells.  The  terms  charge 


and  discharge  always  refer  to  a  full  cell.  Charging  of  a  graphite  half¬ 
cell  is  therefore  the  intercalation  of  lithium  into  graphite.  Charging 
NCM  means  the  extraction  of  lithium  out  of  the  NCM  host  lattice. 
First  the  cells  were  charged  with  a  current  of  C/10  (1C  is  the  current 
needed  to  charge  a  cell  within  1  h  to  its  nominal  capacity)  for  10  h, 
and  then  discharged  to  3.0  V  (full  cell),  3.0  V  vs.  Li+/Li  (NCM)  or 
1.5  V  vs.  Li+/Li  (graphite),  respectively.  The  time-limited  charge  has 
been  chosen  to  achieve  a  comparable  capacity  in  all  cells  since  the 
exact  potentials  vs.  Li+/Li  of  the  electrodes  in  the  full  cell  are  not 
known.  In  the  case  of  discharging  a  time-limited  process  would  be 
useless  in  respect  to  the  differences  in  formation  losses  considered 
here.  In  the  subsequent  cycles  potential  limits  were  used  for  both 
charge  and  discharge  processes  to  observe  the  capacity  fade  due  to 
the  increase  of  the  internal  resistivity.  For  the  pouch  cells  limits  of 
4.2  and  3.0  V  and  a  current  of  3C  were  chosen.  NCM  was  cycled 
between  3.0  and  4.2  V  vs.  Li+/Li  and  graphite  between  0.04  and 
1.5  V  vs.  Li+/Li,  both  with  a  current  of  C/2,  respectively.  The  different 
currents  were  chosen  according  to  the  different  internal 
resistivities. 

For  analysis  of  the  SEI  the  pouch  cells  (50%  state-of-charge)  were 
opened  in  a  glovebox  and  appropriate  negative  electrode  samples 
were  cut  out.  The  samples  were  washed  with  diethyl  carbonate 
(DEC)  for  various  times  and  vacuum-dried  in  the  antechamber  for 
1  h  before  hermetically  sealed  for  transport  or  directly  measured  in 
the  glovebox. 

The  ATR-FTIR  analysis  was  carried  out  in  the  glovebox  using  a 
Tensor  27  system  (Bruker)  together  with  a  DuraSamplIR  II  (Smiths 
Detection)  containing  a  three-reflection  DuraDisk.  A  resolution  of 
4  cm-1  and  a  scan  number  of  16  were  used. 

XPS  measurements  were  conducted  with  a  PHI  5600  Cl 
(Physical  Electronics)  spectrometer  with  a  pass  energy  of  29  eV 
and  an  analysis  area  of  800  pm  in  diameter.  Monochromatic  Al-Ka 
excitation  (350  W)  and  a  low-energy  electron  neutralizer  were 
used.  To  avoid  air  contact  of  the  samples,  the  system  was 
equipped  with  a  transfer  chamber.  Sputter  depths  profiling  was 
done  using  Ar+  ions  (3.5  keV,  scan  size  3x3  mm)  with  conditions 
leading  to  a  0.4  nm  min-1  sputter  rate,  determined  for  a  SiC^ 
reference. 

For  the  Raman  spectroscopy  the  electrodes  were  placed  in  air¬ 
tight  spectroscopic  cells  equipped  with  glass  optical  windows. 
The  measurements  were  carried  out  using  a  LabRAM  HR  (Horiba 
Jobin  Yvon)  with  a  633  nm  HeNe  laser  (about  11  mW),  an  100 x 
objective,  a  motorized  xy-stage  and  an  analysis  area  of  3  x  4  pm 
(wobble  scan  technique,  15  s  integration  time). 

3.  Results  and  discussion 

3.1.  Formation 

Fig.  la  shows  the  formation  curves  at  25  °C  for  a  commercial 
pouch  cell,  an  NCM  half-cell  and  a  graphite  half-cell.  The  differ¬ 
ences  in  capacity  between  charging  and  discharging  curves  are  the 
formation  losses.  Obviously,  the  losses  of  both  NCM  and  the  full  cell 
exceed  those  of  graphite.  In  Fig.  lb  these  losses  are  displayed  for 
different  formation  temperatures,  respectively.  The  losses  of  the 
full  cell  and  that  of  the  NCM  half-cell  are  about  the  same  at  one 
formation  temperature  (25-45  °C).  The  small  deviations  can  be 
related  to  the  chosen  lower  cut-off  voltages  of  3.0  V  for  both  po¬ 
tentials  NCM  vs.  Li+/Li  and  NCM  vs.  graphite  (Fig.  la).  The  signifi¬ 
cant  higher  losses  at  15  °C  for  the  NCM  half-cell  compared  to  the 
full  cell  could  be  due  to  the  inner  resistivity  which  plays  a  more 
dominant  role  at  low  temperatures  for  the  half-cell  geometry. 
Apparently,  the  formation  losses  of  graphite  electrodes  increase 
with  temperature  while  those  of  NCM  decrease.  The  temperature 
dependency  of  the  irreversible  charge  losses  of  the  commercial  cell 
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Fig.  1.  (a)  Formation  curves  of  different  cells  at  25  °C.  All  cells  were  charged  with  C/10  for  10  h,  and  then  discharged  with  C/2  to  3.0  V  (full  cell),  3.0  V  vs.  Li+/Li  (NCM)  or  1.5  V  vs.  Li+/ 
Li  (graphite),  (b)  Formation  losses  of  these  cells  for  different  temperatures.  At  least  4  cells  were  used  per  test. 


is  therefore  strongly  affected  by  the  NCM  positive  electrode,  whilst 
influences  of  the  negative  electrode  are  not  visible.  The  behavior  of 
graphite  is  also  found  in  literature  [8,11,12]  and  is  correlated  with 
SEI  formation  [8,9].  With  increasing  formation  temperature  both 
the  irreversible  losses  and  the  SEI  thickness  increase.  An  elevated 
temperature  leads  to  a  greater  extent  of  structural  defects  as  pores 
and  flaws  within  the  SEI,  and  also  the  exfoliation  tendency  of 
graphite  increases.  The  reverse  trend  for  both  NCM  and  pouch  cells 
indicates  a  kinetic  effect  with  improved  diffusion  at  elevated  tem¬ 
perature.  This  behavior  will  be  discussed  later.  The  high  standard 
deviations  for  the  losses  of  half  cells  can  be  attributed  to  its 
different  assembly  compared  to  the  commercial  cells.  This 
discrepancy  also  affects  the  cell  performance  as  it  will  be  shown  in 
the  following  experiments. 


- 15°C  - 25°C  . 35°C  . 45°C 


3.2.  Cell  performance 

The  pouch  cells  and  half  cells  were  cycled  after  formation  at 
room  temperature  (23  °C).  For  pouch  cells  a  cycle  number  of  1400 
was  chosen,  and  for  the  half  cells  a  number  of  20.  The  results  are 
displayed  in  Fig.  2.  For  the  entire  range  of  cycling  the  coulombic 
efficiencies  for  the  half  cells  and  full  cells  were  clearly  above  99  and 
99.9%,  respectively.  For  all  types  of  cells  the  decrease  of  capacity  is 
due  to  an  increase  of  the  inner  resistivity  whereby  the  potential 
limits  are  reached  earlier.  Exemplary  the  progresses  of  the  relative 
resistivities  of  the  pouch  cells  during  cycling  are  displayed  in 
Fig.  2d.  These  resistivities  (At///)  were  obtained  by  applying 
discharge  pulses  of  2C  for  18  s  at  50%  SOC,  where  A U  is  given  by  the 
voltage  change  from  50%  SOC  until  the  end  of  the  pulse. 


Fig.  2.  (a— c)  Plots  of  relative  capacity  against  cycle  number  obtained  from  cycling  at  room  temperature  of  (a)  pouch  cells  (3C  between  3.0  and  4.2  V),  (b)  graphite  half  cells  (C/2 
between  0.04  and  1.5  V  vs.  Li+/Li)  and  (c)  NCM  half  cells  (C/2  between  3.0  and  4.2  V  vs.  Li+/Li).  (d)  Progress  of  the  relative  discharge  resistivity  (2C  pulse  for  18  s  at  50%  SOC)  during 
cycling  of  pouch  cells  displayed  in  (a).  The  specified  temperatures  refer  to  the  temperatures  during  formation,  while  cycling  was  always  performed  at  23  °C. 
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Apparently,  the  electrical  performance  for  the  commercial 
pouch  cell  decreases  with  formation  temperature.  Especially  a 
temperature  of  45  °C  seems  to  deteriorate  capacity  retention 
noticeably.  The  capacity  fade  originates  from  an  increase  of  the 
inner  resistivity  due  to  aging  impacts  like  SEI  formation  or  struc¬ 
tural  degradation  of  the  electrodes.  Right  after  formation  the  re¬ 
sistivities  of  all  pouch  cells  were  almost  identical  and  were  defined 
as  100%  relative  resistivity  (Fig.  2d).  With  increasing  formation 
temperature  the  slope  of  the  resistivity  curve  increases.  To  under¬ 
stand  the  influences  on  this  behavior  the  results  of  the  half-cell 
measurements  will  be  discussed  in  the  following. 

The  cyclability  for  NCM  half  cells  slightly  improves  with  an 
increased  formation  temperature.  While  the  “absent”  formation 
losses  of  cells  with  formation  temperatures  above  25  °C  show  up 
during  their  first  cycle  at  room  temperature  the  15  °C  cell  regains  a 
part  of  its  capacity  when  the  temperature  rises  to  room  tempera¬ 
ture.  This  shows  that  the  capacity  of  the  NCM  material  is  strongly 
temperature  dependent.  Therefore,  the  capacity  of  the  first  cycle  at 
room  temperature  was  defined  as  100%  for  all  cells  to  calculate  the 
relative  capacities  of  the  subsequent  cycles.  A  comparison  of  the 
losses  during  formation  and  the  first  cycle  at  room  temperature  is 
given  in  Table  1.  The  same  behavior  was  observed  when  both  the 
first  formation  cycle  and  a  second  subsequent  cycle  were  con¬ 
ducted  at  other  temperatures  than  25  °C  and  room  temperature 
was  applied  in  the  third  cycle  (not  shown  here).  The  increase  of 
losses  with  temperature  could  be  due  to  decomposition  reactions 
of  the  electrolyte  components  at  elevated  temperature.  The 
incomplete  “recovery”  of  the  losses  in  the  first  cycle  at  room  tem¬ 
perature  after  a  formation  at  15  °C  will  be  discussed  later.  The 
decrease  of  capacity  during  cycling  may  have  various  reasons 
which  lead  to  an  increase  of  the  inner  resistivity  like  structural 
changes,  micro-cracking  or  loss  of  contact  due  to  mechanical  stress, 
or  decomposition  reactions.  The  improved  cyclability  with 
increased  formation  temperature  could  be  explained  by  competing 
processes:  the  increased  temperature  enhances  electrochemical 
processes  and  reduces  resistivities,  whereas  the  calendar  aging  is 
accelerated  as  well. 

Obviously,  the  capacity  retention  of  the  graphite  negative  elec¬ 
trode  decreases  with  increasing  formation  temperature.  This 
decrease  is  due  to  an  increase  of  the  interface  resistivity  of  the 
graphite  electrode  caused  by  the  growth  of  the  SEI  layer.  As 
mentioned  before,  structural  defects  within  the  SEI  are  suggested  to 
increase  with  formation  temperature.  This  leads  to  an  increase  of 
electrolyte  reduction  during  cycling.  [8]  The  reduced  protection  of 
the  graphite  by  the  SEI  may  also  be  reflected  in  the  first  cycle  at 
room  temperature  where  the  losses  slightly  increase  with  forma¬ 
tion  temperature  (Table  1 ). 

In  summary,  full  cell’s  aging  through  cycling  is  apparently 
dominated  by  the  influence  of  the  graphite  negative  electrode.  Such 
an  increase  of  the  formation  temperature  leads  to  an  increased 
capacity  fading  for  both  full  cells  and  graphite  half  cells. 


Table  1 

The  capacity  losses  of  half  cells  for  (a)  formation  at  the  temperature  stated,  and  (b)  a 
subsequent  cycle  at  room  temperature,  respectively.  The  losses  are  calculated  via  the 
absolute  loss  [Ah]  with  respect  to  100%  state-of-charge  [Ah]  received  from  the  first 
formation  charge. 


T/°C 

Capacity  loss  (a )/% 

Capacity  loss  (b )/% 

Total  capacity 
loss/% 

NCM 

Graphite 

NCM 

Graphite 

NCM 

Graphite 

15 

26.4 

9.5 

-3.9 

0.2 

22.5 

9.7 

25 

19.7 

9.9 

-0.6 

0.5 

19.1 

10.4 

35 

17.2 

10.8 

5.1 

0.6 

22.3 

11.4 

45 

15.0 

13.3 

8.5 

0.8 

23.5 

14.1 

3.3.  Analysis  of  the  formation  losses 
3.3.1  Effect  of  tempera tu re 

The  decrease  of  capacity  losses  for  NCM  with  temperature  and 
the  subsequent  approximation  at  room  temperature  indicate  a  ki¬ 
netic  effect.  For  this  reason  a  forced  discharge  after  initial  charge  of 
an  NCM  half-cell  was  carried  out  at  25  °C  until  the  discharge  ca¬ 
pacity  was  equal  to  the  charge  capacity.  The  result  is  shown  in 
Fig.  3a  (solid  curve).  An  additional  plateau  occurs  at  a  potential 
around  1.4  V  vs.  Li+/Li.  This  low-voltage  plateau  is  associated  with 
the  formation  of  the  overlithiated  phase  Li2(Nii/3Coi/3Mni/3)02  at 
the  oxide  particle  surface  due  to  a  high  activation  energy  when  the 
lithium  concentration  (1  -  x)  reaches  values  close  to  1  in  Lii_*(  Nil/ 
3Coi/3Mni/3)C>2,  and  diffusion  becomes  very  slow  [27-32].  So  the 
sudden  voltage  drop  near  3.6  V  and  the  plateau  at  around  1.4  V  can 
be  attributed  to  high  lithium-ion  concentration  and  two-phase 
coexistence  of  Lii_*(Nii/3Coi/3Mni/3)02  and  Li2(Nii/3Coi/3Mni/3) 
02,  respectively,  at  the  oxide  particle  surface.  Similar  behavior  has 
been  reported  for  other  lithium  metal  oxides  28,29,31-36].  Since 
the  overlithiated  phase  results  from  a  kinetic  limitation,  it  disap¬ 
pears  after  an  extended  relaxation  time,  and  the  half-cell  reaches  a 
value  of  around  3.3  V  again  (Fig.  3b,  solid  curve).  Kang  et  al.  [27] 
proposed  a  two-step  relaxation  process  with  lithium  diffusion 
across  the  Li2(Nii/3Coi/3Mni/3)02-Lii_x(Nii/3Coi/3Mni/3)C)2  phase 
boundary  what  correlates  with  a  phase  transition  (plateau),  and 
sluggish  lithium  diffusion  within  Lii_x(Nii/3Coi/3Mni/3)02 
afterward. 

In  a  half-cell  setup,  where  a  lithium  counter  electrode  and 
therefore  infinite  lithium  source  is  used,  the  possibility  of  a  100% 
lithium  recovery  is  given  a  priori.  Thus  this  procedure  was  repeated 
with  an  NCM  full  cell  loaded  with  graphite  as  counter  electrode 
(dotted  curve  in  Fig.  3a).  Near  the  middle  of  the  lower  extra  plateau 
another  voltage  drop  occurs.  At  this  point,  the  entire  lithium  has 
been  deintercalated  from  graphite,  and  copper-dissolution 
(Cu  -►  Cu+)  of  the  current  collector  begins.  It  was  not  examined 
in  what  extend  NCM  was  coated  by  copper,  but  after  a  deep 
discharge  to  charges  »100%  relative  to  the  charge  flow  the  posi¬ 
tive  electrode  was  coated  with  a  visible  film  of  copper  and  the 
current  collector  of  the  negative  electrode  had  disappeared.  The 
fast  rise  of  the  voltage  without  a  plateau  (Fig.  3b,  dotted  curve)  to 
3.39  V  vs.  Li+/Li  describes  the  reaction  Cu  ->  Cu2+  +  2e  .  This 
means  that  the  previously  deposited  copper  on  the  positive  elec¬ 
trode  dissolves  again.  The  related  reductive  reaction  is  probably  the 
lithium  intercalation  into  NCM,  resulting  in  self-discharge. 

At  the  point  where  copper-dissolution  begins  the  capacity  is 
only  limited  by  the  negative  electrode  whereby  it  is  possible  to 
estimate  the  capacity  loss  due  to  SEI  formation.  The  difference 
between  this  point  and  100%  recovery  is  the  “real”  irreversible  loss 
of  the  lithium-ion  cell  (ca.  10%).  And  as  the  value  of  the  “reversible 
loss”  on  the  positive  electrode  is  therefore  also  ca.  10%,  the  total  loss 
in  a  full  cell  can  be  attributed  to  SEI  formation  and  kinetic  inhibition 
about  one  half  each. 

Thus  the  ratio  of  losses  on  negative  and  positive  electrode  in  a 
full  cell  apparently  increases  with  increased  formation  tempera¬ 
ture  (Fig.  lb)  as  the  lithium  diffusion  coefficient  in  NCM  increases. 
The  increase  in  diffusion  can  also  be  detected  from  a  shift  of  the 
sudden  potential  drop  near  3.6  V  to  higher  coulombic  efficiencies 
with  temperature.  As  the  decrease  of  capacity  loss  already  depicts 
this  condition,  the  additional  curves  are  not  shown  in  Fig.  3a  for 
clarity. 

But  also  the  losses  of  NCM  during  the  first  cycle  at  room  tem¬ 
perature  when  formation  occurred  at  elevated  temperature  before 
must  be  taken  into  account  for  the  calculation  of  the  irreversible 
loss.  In  total,  a  higher  temperature  worsens  coulombic  efficiency  on 
both  electrodes  graphite  and  NCM  (cf.  Table  1). 
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Fig.  3.  (a)  Formation  at  25  °C  with  subsequent  deep  discharge  to  100%  coulombic  efficiency  for  an  NCM  half-cell  and  an  NCM  “full  cell”  (three-electrode  test  cell  with  graphite  as 
counter  electrode),  (b)  Relaxation  curves  after  deep  discharge  to  100%  coulombic  efficiency  after  formation. 


With  these  measurements  it  is  possible  to  explain  the  effect  of 
lithium  loss  equalization  during  the  first  cycle  at  room  temperature. 
The  incomplete  approximation  of  losses  at  25  °C  after  formation  at 
15  °C  is  probably  due  to  an  insufficient  lithium  diffusion  coefficient 
in  NCM  at  25  °C. 

It  should  be  noted  that  the  discussed  losses  depend  on  the 
discharge  current  and  generally  increase  with  the  C-rate  due  to 
increased  polarization.  This  effect  also  applies  to  the  low-voltage 
plateau  of  NCM  which  shifts  to  lower  potentials  with  increasing 
current  and  has  been  observed  in  own  experiments  but  has  also 
been  reported  elsewhere  [28].  This  effect  is  mainly  due  to  an  in¬ 
crease  of  the  ohmic  resistivity.  But  other  effects  like  diffusion  and 
charge  transfer  over-voltages  also  have  an  influence. 

3.3.2.  Effect  of  the  upper  cut-off  voltage 

The  upper  cut-off  voltage  (UCV)  has  also  an  effect  on  the  for¬ 
mation  losses.  Full  cells  were  charged  with  C/10  to  different  po¬ 
tentials  and  directly  discharged.  Afterward,  a  full  cycle  with  an  UCV 
of  4.2  V  was  added.  The  corresponding  losses  are  displayed  in  Fig.  4. 
Obviously,  the  formation  losses  increase  within  the  1.  cycle  when 
upper  cut-off  voltages  of  3.6  or  3.7  V  are  applied.  In  the  2.  cycle,  an 
almost  complete  recovery  of  these  losses  occurs.  An  UCV  of  3.8  V  or 
higher  reveals  no  differences  concerning  formation  losses.  The 


1.  Cycle  ES3  2.  Cycle  (UCV  =  4.2  V) 


Fig.  4.  Formation  losses  (normalized  to  formation  with  UCV  of  4.2  V)  of  pouch  cells  for 
various  upper  cut-off  voltages.  The  losses  of  the  second  cycle  (UCV  of  4.2  V)  are 
negligible  for  voltages  above  3.7  V.  At  least  3  cells  were  used  per  test. 


formation  with  an  UCV  of  3.5  V  shows  decreased  losses  in  the  first 
cycle  but  a  reasonable  approximation  during  a  second  cycle  with  an 
UCV  of  3.8  V  or  higher.  This  effect  can  be  explained  by  the  fact  that 
intercalation  of  lithium  into  graphite  mainly  occurs  at  potentials 
above  3.5  V.  The  significant  decreased  losses  in  total  could  be 
assigned  to  an  insufficient  SEI  formation  during  the  first  charge.  A 
further  growth  or  relaxation  of  the  SEI  is  still  expected  above  3.5  V. 

To  examine  the  reason  of  the  increased  losses  in  the  range  of 
3.6— 3.7  V  (what  correlates  with  a  state-of-charge  (SOC)  of  about 
50%),  fresh  half  cells  of  graphite  and  NCM  were  charged  for  5  h  with 
C/10,  followed  by  a  direct  discharge  and  subsequent  cycles  with  C/2 
charges  for  2  h,  respectively.  The  results  are  shown  in  Table  2.  It  can 
be  seen  that  a  small  part  of  the  losses  in  a  graphite  half-cell  were 
displaced  into  the  second  cycle  when  only  charged  to  50%  in  the 
first  run.  In  total  the  losses  are  the  same  as  for  the  formation  to 
4.2  V.  An  uncompleted  SEI  formation  and  a  further  SEI  growth 
above  50%  SOC  could  be  an  explanation  for  this  effect.  NCM  shows 
significantly  increased  losses  when  not  fully  charged  but  a  recovery 
during  subsequent  cycles.  This  could  be  ascribed  to  the  lithium 
diffusion  in  NCM.  When  the  lithium  diffusion  direction  gets 
inverted  within  a  potential  region  that  possesses  a  high  dQJdE- 
gradient,  the  two  diffusion  currents  influence  each  other.  The  NCM 
particles  are  definitely  far  away  from  equilibrium  when  the 
discharge  process  begins.  So  the  lithium  diffusion  from  surface  to 
bulk  will  probably  counteract  with  the  deintercalation  process  and 
the  capacity  drop  around  3.6  V  sets  in  earlier. 

Flowever,  the  effect  noticed  in  full  cells  can  be  related  to  the 
NCM  positive  electrode  and  is  reversible.  Further  experiments  have 
shown  that  capacities  of  full  cells  charged  to  only  SOC  50%  in  the 
first  cycle  reach  similar  capacity  like  cells  which  underwent  a  for¬ 
mation  to  4.2  V  after  a  few  subsequent  full  cycles.  The  same  effect 
was  observed  with  NCM  half  cells. 


Table  2 

The  capacity  losses  (room  temperature)  for  (a)  formation  with  charging  step  to  the 
state-of-charge  (SOC)  stated,  and  (b)  a  subsequent  cycle  with  charging  step  to  100% 
SOC,  respectively.  The  losses  are  calculated  via  the  absolute  loss  [Ah]  with  respect  to 
100%  state-of-charge  [Ah]  received  from  the  first  formation  charge. 


so  c/% 

Capacity  loss  (a )/% 

Capacity  loss  (b )/% 

Total  capacity 

loss/% 

NCM 

Graphite 

NCM 

Graphite 

NCM 

Graphite 

100 

19.7 

9.9 

-0.2 

0.5 

19.5 

10.4 

50 

27.1 

8.5 

-5.3 

1.2 

21.7a 

9.7 

a  Continuing  cycling  leads  to  further  recovery  and  an  approximation  of  capacity 
with  cells  underwent  formation  to  100%  SOC  in  first  cycle. 
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Fig.  5.  Depth  profile  of  a  graphite  negative  electrode  after  formation. 


3.4.  SEI  characterization 

The  XPS  and  FTIR  measurements  of  negative  electrodes  after 
formation  revealed  a  high  degree  of  inhomogeneity  of  the  SEI.  The 
concentrations  of  components  even  vary  between  different  sample 
sites  on  one  and  the  same  negative  electrode  sheet.  Therefore  it  was 
not  possible  to  explore  whether  there  are  any  differences  in  SEI 
characteristics  for  different  formation  procedures.  However, 
increasing  the  temperature  generally  means  acceleration  of  reac¬ 
tion  but  in  principle  no  change  of  components.  For  the  analysis  of 
possible  changes  in  morphology  these  methods  are  apparently  not 
qualified.  Nevertheless  it  was  possible  to  identify  the  components 
within  the  SEI  with  the  combination  of  these  methods. 

As  mentioned  before,  the  samples  were  washed  with  DEC  for 
various  times  before  measurement.  Unwashed  or  short-washed 


FIs 


samples  showed  huge  residues  of  electrolyte  and  conducting  salt 
on  both  negative  and  positive  electrode.  A  washing  time  of  at  least 
2  h  was  found  to  be  suitable  for  the  analysis  of  the  outer  part  of  the 
SEI.  An  extended  washing  time  leads  to  dissolution  of  the  organic 
constituents  and  the  possibility  to  analyze  other  depths. 

Fig.  5  shows  the  XPS  depth  profiling  and  Fig.  6  the  XPS  spectra 
after  different  DEC  washing  times.  From  both  methods  a  different 
structure  of  the  inner  and  outer  part  of  SEI  can  be  deduced.  The 
short  or  long  washing  times  are  comparable  to  short  or  long  sputter 
times,  respectively.  The  classification  of  the  SEI  into  an  outer 
organic  and  an  inner  inorganic  layer  as  it  also  reported  in  Refs. 

[7.37]  can  be  confirmed. 

The  outer  part  consists  of  RCH20C02Li  and  LiF.  The  presence  of 
ROLi  and  Li2C03  is  neither  certain  nor  excluded.  The  inner  layer  is 
dominated  by  Li2C03,  LiF  (less  than  in  outer  layer)  and  Li20.  The 
composition  of  the  SEI  after  the  different  washing  times  is  dis¬ 
played  in  Table  3.  Since  no  fluorine  signal  from  the  binder  is 
apparent  in  the  spectra  the  entire  amount  of  F  can  be  assigned  to 
LiF.  The  remaining  Li  belongs  mainly  to  organic  constituents  in  the 
outer  part  of  the  SEI,  and  to  Li2C03  and  Li20  in  the  inner  part.  The 
assignments  of  the  binding  energies  were  carried  out  using  6,37- 
39]. 

Of  course  the  formation  of  Li20  from  Li203  decomposition  due  to 
Ar+-sputtering  cannot  be  excluded  as  it  is  described  elsewhere 

[6.37] .  But  the  existence  of  non-artifact  Li20  is  sure  since  the 
measurements  after  16  h  washing  time  clearly  evidence  the  pres¬ 
ence  of  Li20.  Due  to  overlapping  binding  energies  the  presence  of 
LiOH  cannot  be  excluded  from  the  XPS  spectra  alone,  but  its 
absence  also  in  the  FTIR  spectra  indicates  the  LiOH  is  indeed  not 
present  in  the  SEI  layer  of  the  electrodes. 

The  FTIR  spectrum  of  the  SEI  found  on  the  negative  electrodes  is 
shown  in  Fig.  7.  Li2C03  and  RCH20C02Li  from  XPS  are  confirmed, 
and  furthermore  RCOOLi  is  found.  It  is  not  possible  to  identify  ROLi 


"CM 


Fig.  6.  XPS  spectra  of  graphite  negative  electrodes  after  formation  received  after  a  2  h  (solid  line)  or  16  h  (dashed  line)  wash  with  DEC. 
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Table  3 

Composition  of  the  SEI  on  graphite  negative  electrodes  after  formation  in  depen¬ 
dence  of  the  DEC  washing  time  received  from  XPS  measurements. 


Washing  time/h 

Lils/% 

Cl  s/% 

01  s/% 

FI  s/% 

2 

34.6 

22.3 

22.9 

20.2 

16 

43.1 

21.8 

22.6 

12.5 

unambiguously,  even  not  in  combination  with  XPS.  The  assignment 
of  the  bands  was  carried  out  using  40,41]. 

With  varying  the  washing  time  the  composition  of  the  SEI 
examined  with  FTIR  does  not  change,  only  the  intensities  of  the 
bands  decrease.  The  presence  of  U2O  as  well  as  PVDF  on  the  short- 
washed  samples  can  be  explained  by  the  high  information  depth 
compared  with  XPS. 

The  Raman  spectra  of  the  negative  electrodes  (washed  with  DEC 
for  10  s)  for  different  formation  temperatures  and  a  pristine 
negative  electrode  as  reference  are  shown  in  Fig.  8.  The  intensities 
of  the  spectra  were  normalized  to  the  maximum  of  the  intensities 
of  the  G  bands  (1573  cm”1  for  the  pristine  negative  electrode).  For 
all  formation  temperatures  the  width  of  the  G  band  increases  in 
comparison  to  the  pristine  negative  electrode.  Furthermore  a  shift 
to  higher  wavenumbers  (ca.  1591  cm-1)  together  with  a  slight 
splitting  is  observed.  This  is  due  to  the  formation  of  lithium  layers 
within  the  graphite  structure.  [42,43]  The  positions  of  the  D  bands 
for  both  the  reference  negative  electrode  and  negative  electrodes 
after  formation  at  45  °C  are  about  the  same  (ca.  1326  cm-1).  The 
broadened  band  after  formation  occurs  from  an  increased  degree  of 
disorder  caused  by  co-intercalation  of  solvent  molecules.  [44]  A 
shift  of  the  D  band  with  decreased  formation  temperature  to  lower 
wavenumbers  combined  with  a  change  of  its  shape  can  be 
observed.  It  also  seems  that  the  45  °C  formation  leads  to  a  less 
structural  disorder  as  the  D  band  is  relatively  distinct  and  the  in¬ 
tegral  ratio  of  the  D  and  G  band  (called  R  value,  1.2  for  the  pristine 
negative  electrode)  is  smaller  than  for  the  other  temperatures  (1.4 
vs.  2.0).  The  formation  at  15  or  25  °C  leads  to  changed  electronic 
properties  of  graphite  as  an  additional  shoulder  occurs  at  around 
1555  cm-1.  This  shoulder  is  assumed  to  be  a  so-called  Breit- 
Wigner— Fano  (BWF)  line.  Such  lines  are  caused  by  metallic  char¬ 
acter  and  usually  appear  in  metallic  single-walled  carbon  nano¬ 
tubes  but  may  also  occur  in  graphite  intercalation  compounds 
[45,46]. 

These  significant  changes  with  variation  of  the  formation  tem¬ 
perature  could  be  due  to  a  changed  surface  structure  caused  by  the 


Fig.  7.  FTIR  spectrum  of  a  graphite  negative  electrode  after  formation. 


Wavenumber  /  cm  1 


Fig.  8.  Raman  spectra  of  graphite  negative  electrodes  after  formation  at  different 
temperatures.  As  reference  a  spectrum  of  a  pristine  negative  electrode  with  labeled  D, 
G  and  D'  band  is  given.  (*)  After  formation  at  15  and  25  °C  an  additional  shoulder, 
assumed  to  be  a  BWF  line,  is  present. 

different  SEI  formation  conditions.  The  decreased  cycling  stability 
of  graphite  negative  electrodes  with  increased  formation  temper¬ 
ature  indicates  that  a  more  effective  SEI  in  terms  of  surface 
coverage  and  adherence  is  probably  formed  at  lower  temperatures. 
This  may  also  have  an  influence  on  the  electronic  surface  structure 
of  graphite  as  indicated  by  the  appearance  of  the  BFW  line.  Another 
possibility  for  a  changed  D  band  shape  is  an  altered  ratio  of  the  sub¬ 
bands  Di  and  D2  (wavenumber  D2  >  Di).  The  photo-excited  elec¬ 
trons  can  be  first  scattered  by  a  phonon  (Di)  or  a  defect  (D2).  [47] 
After  formation  the  probability  of  a  “defect-first”  process  is 
increased.  However,  for  the  herein  investigated  material  a  distinct 
separation  of  these  sub-bands  is  not  possible. 

The  SEI  is  assembled  of  an  outer  mainly  organic  layer  with  the 
demonstrably  found  species  RCH20C02Li,  RCOOLi,  LiF  and  possibly 
ROLi  and  LhCOs,  and  an  inner  layer  consisting  of  mainly  L^CC^  L^O 
and  LiF.  The  increased  amount  of  LiF  in  the  outer  layer  could  be 
explained  by  further  decomposition  of  the  conducting  salt  right 
after  the  SEI  is  largely  formed. 

FTIR  of  NCM  after  formation  and  a  2  h  DEC  wash  shows  no 
differences  to  a  fresh  positive  electrode.  This  means  no  SEI  or  other 
film  formation  occurs  on  this  electrode  to  a  great  extent.  This  is 
consistent  with  the  electrochemical  results. 

4.  Conclusion 

With  the  comparison  of  NCM-  and  graphite  half  cells  and  full 
cells  it  was  possible  to  understand  the  contributions  of  both 
negative  and  positive  electrode  on  formation  losses  and  cell  aging 
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in  full  cells.  Graphite  shows  irreversible  losses  due  to  SEI  formation 
and  NCM  mainly  reversible  losses  due  to  kinetic  effects.  It  could  be 
demonstrated  that  the  lithium  loss  during  the  formation  of  a 
lithium-ion  full  cell  at  25  °C  is  attributed  to  SEI  formation  and  ki¬ 
netic  inhibition  about  one  half  each.  The  aging  with  the  attending 
increase  of  the  internal  resistivity  can  be  mainly  assigned  to  the 
graphite  electrode.  It  was  also  shown  that  with  increasing  forma¬ 
tion  temperature  the  initial  losses  of  graphite  increase  and  that  of 
NCM  decrease  but  appear  during  the  first  cycle  at  room  tempera¬ 
ture  resulting  in  an  increased  loss  in  total.  The  formation  losses  in 
full  cells  are  dominated  by  “reversible”  losses  of  NCM.  With 
increasing  formation  temperature  the  subsequent  cycle  stability 
becomes  lower  for  the  graphite  electrode,  but  slightly  increases  for 
NCM.  In  a  full  cell  elevated  formation  temperatures  above  room 
temperature  are  not  of  advantage  since  both  NCM  and  graphite 
show  increased  losses  and  the  poorer  cycle  stability  of  graphite 
dominates  the  performance  of  the  full  cell.  The  upper  cut-off 
voltage  also  has  an  influence  on  the  formation  losses,  but  only  in 
a  reversible  manner. 

Although  the  performance  of  the  used  test  cells  and  the  com¬ 
mercial  pouch  cells  differ  tremendously,  it  is  possible  to  test  the 
individual  electrodes  in  an  appropriate  way  to  obtain  prospects  on 
their  behavior. 

With  the  combination  of  XPS  and  FTIR  measurements  it  was 
possible  to  identify  the  constituents  of  the  outer  (mainly  RCH2O- 
C02Li,  RCOOLi  and  LiF)  and  inner  (mainly  L^CC^  LqO  and  LiF)  SEI. 
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